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Introduction

Severe acute respiratory syndrome (SARS) was first diagnosed 
in Guangdong Province, China, in 2002, ultimately spreading to 
29 countries where it caused 776 deaths and over 8000 respiratory 
infections.1 Researchers identified the SARS coronavirus (SARS-
CoV) as the etiologic agent of SARS in 20032,3 and subsequently  
the National Institute of Allergy and Infectious Diseases 
(NIAID) of the US. National Institutes of Health (NIH) labelled 
it a Category C pathogen, along with other highly transmissible 
agents of potential biodefense importance.4

Because of the explosive nature of the 2002–03 SARS pan-
demic, an intensive effort has been underway to develop SARS 

countermeasures, including vaccines.1 A stable and effective 
SARS-CoV vaccine could be stockpiled as part of national or 
global public health emergency preparedness efforts.4 Initial 
efforts focused on developing whole virus vaccines that were 
often inactivated by chemical agents or radiation and adjuvanted 
on alum1 However, in laboratory mice, it was observed that such 
vaccines elicited eosinophilic immunoenhancing pathology with 
evidence of TH2-linked alveolar damage.5,6 Previously, immune 
enhancing pathology in vaccinated children derailed similar 
efforts to develop inactivated respiratory syncytial virus (RSV) 
vaccines.7

As an alternative approach, prototype subunit vaccines 
comprised of the SARS-CoV spike (S) protein have been 
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Development of vaccines for preventing a future pandemic of severe acute respiratory syndrome (SARS) caused by 
SARS coronavirus (SARS-CoV) and for biodefense preparedness is urgently needed. Our previous studies have shown 
that a candidate SARS vaccine antigen consisting of the receptor-binding domain (RBD) of SARS-CoV spike protein can 
induce potent neutralizing antibody responses and protection against SARS-CoV challenge in vaccinated animals. To 
optimize expression conditions for scale-up production of the RBD vaccine candidate, we hypothesized that this could 
be potentially achieved by removing glycosylation sites in the RBD protein. In this study, we constructed two RBD protein 
variants: 1) RBD193-WT (193-aa, residues 318–510) and its deglycosylated forms (RBD193-N1, RBD193-N2, RBD193-N3); 
2) RBD219-WT (219-aa, residues 318–536) and its deglycosylated forms (RBD219-N1, RBD219-N2, and RBD219-N3). All 
constructs were expressed as recombinant proteins in yeast. The purified recombinant proteins of these constructs 
were compared for their antigenicity, functionality and immunogenicity in mice using alum as the adjuvant. We found 
that RBD219-N1 exhibited high expression yield, and maintained its antigenicity and functionality. More importantly, 
RBD219-N1 induced significantly stronger RBD-specific antibody responses and a higher level of neutralizing antibodies 
in immunized mice than RBD193-WT, RBD193-N1, RBD193-N3, or RBD219-WT. These results suggest that RBD219-N1 could 
be selected as an optimal SARS vaccine candidate for further development.
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developed.1 Like HIV gp160 and influenza hemagglutinin, the 
SARS-CoV S protein is a class I viral fusion protein, and, as such, 
it is a major target of host neutralizing antibodies.1,4 Efforts to 
develop genetically engineered SARS-CoV S protein vaccines 
were reviewed previously.1 Briefly, both baculovirus-expressed 
recombinant protein adjuvanted with alum and a Venezuelan 
equine encephalitis vector containing S-protein plasmid were 
shown to elicit protection in BALB/c mice challenged with 
live SARS-CoV,1,8 but some S-protein constructs expressed 
in mammalian cells were found to cause antibody-mediated 
enhancement.9

As a substitute for the full-length S protein, its 193 amino acids 
(aa) minimal receptor-binding domain containing residues 318–
510 (RBD193) was identified and found to bind to its putative 
human receptor, a transmembrane angiotensin-converting 
enzyme 2 (ACE2), in vitro.10 In addition, recombinant proteins 
RBD193 and a related construct, RBD219 (residues 318–536), 
expressed in the culture supernatant of mammalian cells 293T 
and Chinese hamster ovary (CHO)-K1, respectively, were 
demonstrated to elicit neutralizing antibodies and protective 
immunity in vaccinated mice.11,12 Moreover, RBD can also 
absorb neutralizing antibodies in the antisera of mice, monkeys, 
and rabbits immunized with whole SARS-CoV or vaccinia virus 
expressing S protein constructs.13

Here we report the expression of RBD193 and RBD219 
recombinant proteins, as well as their deglycosylated forms in 
the yeast Pichia pastoris. We found that one of the proteins, 
RBD219-N1, in which an N-linked glycosylated asparagine at 
the N-1 position of RBD219 had been deleted, could be expressed 
and purified in high yield, and maintained its functionality 
and antigenicity as the mammalian cell-expressed RBD193. 
RBD219-N1 elicited high titers of neutralizing antibodies against 

both SARS-CoV pseudovirus and live virus. Therefore, 
this molecule has been selected for scale-up process 
development and manufacture as a recombinant SARS 
vaccine for clinical testing.

Results

Expression of recombinant RBDs in P. pastoris
Different constructs of RBD193 and RBD219 

(WT, N1, N2, and N3) (Fig.  1) were transformed 
into P. pastoris X-33, and 20 clones from each 
transformation were induced for recombinant protein 
expression in 10 ml tubes with 0.5% methanol. After 
induction for 72 h, the constructed recombinant 
RBDs with different size were observed by SDS-
PAGE Coomassie-stained gels and western blot 
with anti-RBD monoclonal antibody (mAb) 33G4 
previously produced in our laboratory.14 The apparent 
molecular weight (M.W.) of recombinant RBDs 
was higher than expected based on the sequence, 
and a high M.W. smear was observed, especially in 
wild-type (WT) constructs, in both RBD193 and 
RBD219, indicating that the recombinant RBD-
WTs were glycosylated or aggregated (Fig.  2A and 

B). The extent of glycosylation of RBD193-WT was confirmed 
by digesting the protein with N-glycosidase PNGase F. After 
digestion, the high M.W. smear disappeared, and the size 
of RBD193-WT returned to the expected M.W. (23 kDa) 
(Fig. 2C). This assay also confirmed that the high M.W. smear 
was from high glycosylation of the yeast-expressed RBDs, and 
not from aggregation. Further evidence for the glycosylation 
of yeast-expressed RBDs was confirmed when the N-linked 
glycosylation sites were deleted or mutated (N1, N2, and N3); 
both the extent of glycosylation and the apparent M.W. of 
recombinant RBDs were reduced (Fig. 2A and B), accordingly. 
These constructs with the deglycosylated forms allowed 
accurate and reproducible control during scale-up production 
and quality control testing. Notably, successively decreased 
expression yield of recombinant RBDs was also observed as 
N-linked glycosylation sites were deleted/mutated (yield level: 
WT > N1 > N2 > N3; Fig. 2A and B). This suggested that a 
workable balance between expression yield and glycosylation 
level should be considered during product development.

Optimization of expression condition: pH and detergent
To maximize the expression yield and minimize the possible 

aggregation of recombinant RBDs in P. pastoris X33, we used 
RBD193-WT as the prototype to test the optimized induction 
conditions using media with different pH and/or different 
concentration of Empigen detergent. Based on western blot with 
anti-RBD mAb 33G4, the optimal pH for RBD193 expression 
was pH 6.0. No target protein was expressed in culture with 
pH 5.0, and even less expression of RBD193 was seen in media 
with pH over 6.0. The addition of (0.01% or 0.05%) Empigen 
detergent did not improve the expression yield or change the 
pattern of expressed RBD, indicating that aggregation does not 
affect expressed RBD193-WT (Fig. 3).

Figure  1. Schematic diagram of the different SAR-CoV S-RBD protein expression 
constructs. Both RBD193-WT and RBD219-WT contain 3 N-glycosylation sites, 
including N-1, N-13, and N-40. The deleted or mutated N-glycosylation sites are 
highlighted with a line crossing the amino acid (e.g., N-1) or italics (e.g., S-13, and 
A-40), respectively.
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Fermentation and purification of RBD constructs
The RBD193-WT yeast construct stopped growing when being 

induced with methanol for 48 h, as a possible result of the toxicity 
of expressed RBD193-WT to the yeast cells. Considering the low 
expression yield of RBD193-N2, RBD219-N2, and RBD219-N3, 
we excluded them for further scaling-up study. Consequently, 
four other constructs, including different deglycosylated forms 
(RBD193-N1, RBD193-N3, RBD219-WT, and RBD219-N1), 
were chosen for the 5 L scale fermentation in order to obtain 
recombinant proteins for comparison of immunogenicity and 
potency. After 5 L fermentation, recombinant RBD193-N1, 
RBD219-WT, and RBD219-N1 were purified from the fermented 
culture by Butyl HP and size exclusion chromatography (SEC), 
and recombinant RBD193-N3 was purified by negative capture 
on Q Sepharose XL followed by SEC.

Initial attempts to purify RBD193-N1, RBD219-WT, and 
RBD219-N1 from the fermented culture using hydrophobic 
interaction (Butyl HP) chromatography and subsequent size 
exclusion column resulted with 95% of purified proteins, as 
evidenced by both SDS-PAGE Coomassie-stained gels and 
western blot with anti-RBD mAb 33G4 (Fig.  4). Moreover 
the highly glycosylated RBD and host protein contaminants 
could be efficiently removed with this two-step purification 
procedure, resulting with reliably pure and soluble products. 
Unlike the other expressed RBD proteins using other 
expression systems,11,12,15 these yeast-expressed RBDs do not 

contain a 6 × His tag or any other fusion tag, thus permitting 
future scale-up manufacture for human use.

Antigenicity analysis of yeast-expressed RBDs of SARS-CoV
In order to confirm whether the selected purified RBD 

constructs (RBD193-N1, RBD193-N3, RBD219-WT, and 
RBD219-N1) shared the same antigenicity or antigenic epitopes 
with the mammalian cell (293T) expressed-RBD that we 
know can elicit the production of neutralizing antibody,11,12 we 
performed western blot against four conformational anti-RBD 
mAbs, including 24H8 (Conf I), 31H12 (Conf II), 35B5 (Conf 
IV), and 33G4 (Conf V)14 (Fig. 5). Notably, mAb 33G4 strongly 
recognized all the RBD constructs, similarly to the recognition 
pattern with the mammalian cell-expressed RBD, while mAb 
24H8 recognized these proteins only weakly. Furthermore, all 
yeast-expressed RBD219 constructs could be recognized more 
strongly by the four specific mAbs when the film exposure time 
was increased (data not shown), in contrast to the RBD193 
constructs11,12 and in agreement with previous results. This line of 
evidence strongly suggests that the wild-type and deglycosylated 
constructs exhibit similar antigenicity.

To further validate the antigenicity of these RBD proteins, 
we performed ELISA with five conformational anti-RBD mAbs 
(24H8, 31H12, 35B5, 33G4, and 19B2) and one linear anti-
RBD mAb (17H9).14 As shown in Figure  6A, while all yeast-
expressed RBDs (1 µg/ml) reacted with the anti-RBD mAbs (2.2 
µg/ml), RBD219-WT and RBD219-N1 exhibited the strongest 

Figure 2. Expression profiles of the different SAR-CoV RBD protein constructs in yeast. The expression of wild-type (WT) and the different deglycosylated 
proteins of RBD193 and RBD219 in P. pastoris X-33 after induction with methanol were detected by SDS-PAGE (A) and by western blot with anti-RBD 
mAb 33G4 (0.2 µg/ml) (B). Each lane was loaded with 10 µl of induced culture (unpurified). (C) The N-linked glycan on yeast-expressed recombinant 
RBD193-WT could be removed completely by Peptide-N-Glycosidase F (PNGase F) digestion. Lane 1: protein marker, lane 2: RBD193-expressed culture 
(10 µl), lane 3: PNGase F digested RBD193.
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binding to all tested mAbs. The reactivity of RBD193-N3 with 
Conf IV mAb 35B5, Conf VI mAb 19B2, and linear mAb 
17H9 was considerably lower than that of the other wild-type 

and mutant RBDs. Decrease in mAb concentration to 0.25 µg/
ml did not significantly affect the binding of RBD219-N1 or 
RBD219-WT to all five conformational mAbs, whereas their 
reactivity to the linear anti-RBD mAb 17H9 was significantly 
decreased (Fig. 6B). These data suggest that the deglycosylated 
RBD219-N1 protein, like RBD219-WT, was able to maintain 
conformation and antigenicity, despite the deletion of the N1 
glycosylation site.

Functionality of yeast-expressed RBD proteins
The functionality of yeast-expressed RBD proteins was 

further confirmed based on the ability of these proteins to bind 
to ACE2, the receptor of SARS-CoV, in either cell-associated or 
soluble form (sACE2). To establish the binding of these proteins 
to the cell-associated ACE2, a test protein (20 µg/each) was first 
mixed with ACE2/293T cells in the presence of linear anti-RBD 
mAb 17H914 and protein A and G beads, followed by western blot 
using a specific antibody against ACE2. As shown in Figure 7A, 
one clear band corresponding to the size of ACE2 was observed 
in the cell lysates pulled down with the respective RBD proteins; 
all reacted strongly with the ACE2-specific mAb, although the 
RBD193-N3 mixture showed weaker reaction. These results 
suggest that the yeast-expressed RBD proteins are able to bind 
efficiently to the cell-surface receptor ACE2. As expected, no 
band (binding) was shown in the line of control protein (MERS-
CoV RBD) (Fig. 7A).

We further detected the binding of the RBD proteins with 
sACE2 by mixing equal concentration of an RBD protein with 
sACE2 (containing 6 × His tag) in the presence of Ni-NTA 
beads, followed by western blot as above. As shown in Figure 7B 
and C, two clear bands corresponding to the size of sACE2 
and respective RBD proteins were revealed in the pulled-down 
samples, while only one band corresponding to the size of sACE2 
or respective RBD proteins, was shown in the samples containing 
either sACE2 or RBD protein only, all of which reacted strongly 
with antibodies against ACE2 or SARS-CoV RBD (33G4), 
respectively. However, only one band corresponding to the size 
of sACE2 was shown in the control containing RBD protein of 
MERS-CoV plus sACE2, or sACE2 only (Fig. 7B and C). These 
results confirm the specific binding of these yeast-expressed 
RBDs with SARS-CoV’s receptor ACE2, indicating that all 

Figure 4. SDS-PAGE and western blot analysis of yeast-expressed RBD proteins. SDS-PAGE (SDS, left panels) and western blot (WB, right panels) analysis 
of 2 μg purified RBD 193-N1 (A), RBD193-N3 (B), RBD219-WT (C), and RBD219-N1 (D) were performed. Western blot was probed with 0.2 µg/ml of anti-
RBD mAb 33G4. Wild-type SARS-CoV RBD protein expressed in 293T cells (RBD193-WT) was included as the positive control (E).

Figure  3. Detection of the expression of RBD193-WT protein in yeast 
by western blot. RBD193-WT was induced in P. pastoris culture with 
different pH (Lane 1: markers; Lane 2: pH 5.2; Lane 3: pH 6.0; Lane 4: pH 
7.5; and Lane 5: pH 8.0) and with different amounts of detergent (Lane 
6: pH 6.0 w/0.01% Empigen and lane 7: pH 6.0 w/0.05% Empigen). The 
expressed proteins in the medium were transferred on PVDF and probed 
with 0.2 µg/ml of anti-RBD mAb 33G4.
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RBD proteins with or without mutations maintain sufficient 
functionality.

Yeast-expressed RBD proteins of SARS-CoV elicited a 
robust systemic humoral immune response

To compare the immunogenicity of yeast-expressed RBD 
proteins, we immunized mice using these proteins and analyzed 
the IgG antibody responses in mouse sera collected at 10 d post-
last vaccination. As shown in Figure 8, all yeast-expressed RBD 
proteins were able to induce sufficient IgG antibody responses 
against RBD219-WT. Particularly, RBD219-N1 induced 
significantly higher IgG antibody responses against RBD219-WT 
than other RBD proteins, including RBD193-WT, RBD193-N1, 
RBD193-N3, and RBD219-WT, with the geometric mean 
titers of 1.4 × 106 (RBD219-N1), 3.5 × 105 (RBD193-WT), 
1.8 × 105 (RBD193-N1), 1.9 × 105 (RBD193-N3), and 1.8 
× 105 (RBD219-WT), respectively. By comparison, SARS-
CoV RBD193-WT induced significantly higher IgG antibody 
responses against RBD219-WT than RBD193-N1, RBD193-N3, 
and RBD219-WT, respectively. No significant differences were 
observed between SARS-CoV RBD193-N1, RBD193-N3, or 
RBD219-WT. The control mice, which were immunized with 
alum plus PBS, only showed background antibody responses 
(Fig.  8). These results suggest that RBD219-N1 exhibited the 
highest immunogenicity, eliciting, in turn, the strongest RBD-
specific antibody responses in the vaccinated mice.

Yeast-expressed SARS-CoV RBD proteins induced in 
vaccinated mice comparable titers of neutralizing antibody 
against the SARS-CoV

To compare the ability of the yeast-expressed SARS-CoV 
RBD proteins to elicit neutralizing antibodies, the sera collected 
from vaccinated mice 10 d after the last vaccination was tested 
using a SARS pseudovirus-based neutralization assay. As shown 
in Figure 9A, immunization with RBD193-WT, RBD219-WT, 
or RBD219-N1 uniformly elicited potent neutralizing antibody 
responses, with the neutralizing antibody titers around 4 × 104, 
respectively, which were significantly stronger than those induced 
by either RBD193-N1 or RBD193-N3, with the neutralizing 
antibody titers of 4.3 × 103 and 1.4 × 104, respectively. As expected, 
the alum adjuvant plus PBS control induced no neutralizing 
antibody response against the SARS pseudovirus (Fig. 9A).

To further confirm the functionality of the induced 
neutralizing antibodies, a live SARS-CoV-based neutralization 
assay was then performed. As shown in Figure  9B, 
immunization with RBD219-N1 resulted in significantly 
higher titers of neutralizing antibody responses against live 
SARS-CoV infection than those elicited by RBD193-WT, 
RBD193-N1, RBD193-N3, or even RBD219-WT, with the 
neutralizing antibody titers reaching 4.5 × 103 (RBD219-N1), 
2.3 × 103 (RBD193-WT), 2.5 × 102 (RBD193-N1), 1.6 × 103 
(RBD193-N3), and 2.2 × 103 (RBD219-WT), respectively. 
While no significant difference was seen between RBD193-WT 
and RBD219-WT groups, the titers of neutralizing antibodies 
against live SARS-CoV infection induced by RBD193-N1 
and RBD193-N3 were significantly lower than those induced 
by RBD193-WT. Similarly, the alum control group did 
not induce neutralizing antibodies against live SARS-CoV 

(Fig.  9B). The above data further confirm that RBD219-N1 
possessed the strongest immunogenicity among RBD proteins 
tested in inducing potent neutralizing antibody responses 
against live SARS-CoV in vaccinated animals.

Materials and Methods

Cloning and expression of RBDs in yeast Pichia pastoris
The DNAs encoding the 193-aa (RBD193, residues 318–510) 

and 219-aa (RBD219, residues 318–536) of SARS-CoV RBD 
were codon-optimized based on yeast codon usage preference 
and synthesized by GenScript, followed by subcloning into 
Pichia secretory expression vector pPICZαA (Invitrogen) using 
EcoRI/XbaI restriction sites. The correct insert sequences and 
reading frames of recombinant plasmids were confirmed by 
double-stranded sequencing using vector flanking primers 
α-factor and 3′AOX-1. The recombinant plasmid DNAs were 
then transformed into Pichia pastoris X-33 by electroporation. 
The expressions of recombinant RBD193 and RBD219 were 
induced with 0.5% methanol at 30 °C for 72 h, and the highest 
expression clone was chosen to make seed stock in 20% glycerol 
as described previously.16

Figure  5. Antigenicity of yeast-expressed RBD proteins. To detect 
antigenicity of yeast-expressed RBDs (2 µg for each protein), we used 
mAbs specific for the conformational epitopes of SARS-CoV RBD and 
western blot. The mAbs 35B5 (Conf IV), 33G4 (Conf V), 24H8 (Conf I), and 
31H12 (Conf II) at 0.2 µg/ml were used for the test. Wild-type SARS-CoV 
RBD protein expressed in 293T cells (RBD193-WT) was included as the 
positive control. Protein molecular weight marker (Marker) was indicated 
on the left.
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Because high glycosylation of the RBD193/RBD219-
wild-type (WT) expressed in yeast could cause yield and 
reproducibility problems, the three asparagines in the RBD 
sequence responsible for N-glycosylation were removed or 
mutated to make deglycosylated forms as follows: N1: deletion 
of the 1st Asn (N-1), the 1st glycosylation site; N2: mutation 
of the 2nd N-glycosylated Asn (N-13) to Ser in addition to the 
N1 deletion; and N3: mutation of the 3rd N-glycosylated N-30 
to Ala, in addition of N1 and N2 deletion/mutation (Fig.  1). 
The expression and glycosylation level of the recombinant 
RBD193-WT and RBD219-WT, and their deglycosylated forms 
was confirmed by SDS-PAGE and western blot with anti-RBD 
mAb 33G4.14

Glycosidase Assay
In order to determine whether the expressed recombinant 

RBD193-WT is glycosylated, yeast-expressed RBD193-WT was 

digested with Peptide-N-Glycosidase F (PNGase F) 
(New England Biolabs (NEB)). Briefly, 10 µl of the 
RBD193-WT/pPICZαA/P. pastoris culture induced 
with 0.5% methanol for 72  h were mixed with 1 µl 
of denaturing buffer (NEB) in a 1.5 ml tube and 
denatured at 100 °C for 10 min. Then 2 µl of G7 buffer, 
2 µl of 10% NP40 (all came with PNGase F), 1 µl of 
N-PNGase F, and 5 µl of deionized water were added 
in the tube. The mixture was then incubated at 37 °C 
for an hour. The removal of glycans was confirmed by 
SDS-PAGE, followed by western blot using anti-RBD 
mAb 33G4.

Optimization of induction conditions by pH and 
detergent

Seed of RBD193-WT/pPICZαA/P. pastoris X-33 
was grown in 5 ml of Buffered Glycerol-complex 
Medium (BMGY) at 225 rpm at 30 °C overnight until 
the OD

600
 reached 2–6. The expression of recombi-

nant RBD193-WT was induced in 10 ml Buffered 
Methanol-complex Medium (BMMY) (starting OD

600
 

= 1.0) containing 0.5% methanol with different pH of 
5.2, 6.0, 7.5, and 8.0. EMPIGEN ® BB Detergent was 
added into the culture (pH 6.0) at final concentration 
of 0.01% and 0.05% in order to determine if the deter-
gent was able to disrupt any possible aggregation of 
the expressed recombinant protein. The induction was 
continued for 72 h. The expression, yield, and integrity 
of the expressed recombinant RBD193 in different cul-
ture media were identified by western blot using anti-
RBD mAb 33G4.

Fermentation and purification
To scale-up the expression of recombinant RBDs 

in yeast, the constructs of RBD193-N1, RBD193-N3, 
RBD219-WT, and RBD219-N1 in pPICZαA/P. 
pastoris X33 were fermented in 5 L fermentation as 
described previously.1 Briefly, the seed stocks of each 
construct were used to inoculate 1 L of Buffered 
Minimal Glycerol (BMG) medium and cultured 
overnight at 30 °C with shaking at 225 rpm until the 
OD

600
 reached ~10.0. 110 ml of this culture were used 

to inoculate 2.5 L of sterile BSM in the fermenter containing 3.5 
ml/L of PTM1 trace elements and 3.5 ml/L of 0.02% d-Biotin. 
Fermentation was initiated at 30 °C, and the initial pH was set 
at 5.0. Gas and agitation were adjusted to maintain dissolved 
oxygen (DO) at 30%. Upon exhaustion of glycerol during the 
batch phase (DO spike), methanol was pumped in from 0.8 
ml/L/h to 10 ml/L/h over a 6–8 h period, the pH was adjusted 
to 6.0 using 14% ammonium hydroxide, and the induction was 
maintained at 26  °C for 75  h. After fermentation, the culture 
was harvested by centrifugation at 7000 rpm for 30  min at 
4 °C and filtered through a 0.22 PM bottle top filtration unit. 
The expression yield of recombinant RBDs in the fermented 
culture was determined by SDS-PAGE and densitometry. To 
purify RBD193N1, RBD219-WT, and RBD219-N1, one part 
of fermentation supernatant was diluted with 2 parts of 30 mM 
Tris and 3 M ammonium sulfate, at pH 8.0, and then loaded 

Figure  6. Detection of the reactivity of yeast-expressed RBD proteins with RBD-
specific mAbs by ELISA. The mAbs specific for the conformational epitopes (24H8 
(Conf I), 19B2 (VI), 35B5 (Conf IV), 33G4 (Conf V), 31H12 (Conf II)), and linear epitopes 
(17H9) of SARS-CoV RBD were tested at 2.2 µg/ml (A) or 0.25 µg/ml (B), respectively. 
Wild-type SARS-CoV RBD protein expressed in 293T cells (RBD193-WT)11 was 
included as the positive control. The data in (A) and (B) are expressed as the mean ± 
standard deviation (SD) of duplicate wells.
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to HiTrap Butyl Sepharose HP at the flow rate of 1.5 ml/
min, followed by washing with 30  mM Tris and 2 M 
ammonium sulfate to remove the unbound proteins. The 
bound RBD protein was eluted with gradient ammonium 
sulfate starting from 2 M. The fractions containing target 
protein were pooled together, concentrated, and further 
purified with Toyopearl HW55S size exclusion column in 
order to eliminate the remaining contaminants. To purify 
RBD193-N3, the fermented culture supernatant was 
chromatographed using an anion exchange Q Sepharose XL 
column. The flow-through was collected, concentrated and, 
like other RBD proteins, further purified with Toyopearl 
HW55S size exclusion column. The purity of the yeast-
expressed recombinant RBDs and the positive control 
(RBD193-WT/293T) was confirmed by SDS-PAGE and 
Western Blot using anti-RBD mAbs 33G4, 35B5, 24H8, 
and 31H12 developed in our laboratory.14

Animals
Four- to six-week-old female BALB/c mice were used 

for the study and housed in the animal facility of the New 
York Blood Center. The animal studies were performed in 
accordance with the recommendations for the Care and Use 
of Laboratory Animals of the National Institutes of Health. 
The animal protocol was approved by the Committee on 
the Ethics of Animal Experiments of the New York Blood 
Center (Permit Number: 194.14).

Mouse vaccination and sera collection
The immunization protocols were performed as 

previously described with some modifications.11,12,15 
Briefly, mice were subcutaneously (s.c.) immunized with 
yeast-expressed recombinant RBD proteins (RBD193-N1, 
RBD193-N3, RBD219-N1, or RBD219-WT) (20 μg/
mouse) formulated with Alhydrogel 2% (aluminum 
hydroxide gel, hereinafter alum) adjuvant (InvivoGen). 
A mammalian cell 293T-expressing SARS-CoV RBD 
protein (RBD193-WT) [11] and PBS were used as positive 
and negative controls, respectively. Immunized mice were 
boosted twice with the same alum-formulated immunogen 
(10 μg/mouse) at 21-d intervals. Mouse sera were collected 
before immunization and 10 d after each vaccination to 
measure humoral IgG antibody responses and neutralizing 
antibodies.

ELISA
ELISA was used to verify the conformation of the yeast-

expressed SARS-CoV RBD proteins to RBD-specific mAbs 
developed in our laboratory.14 Briefly, 96-well ELISA plates 
were respectively pre-coated with each yeast-expressed RBD 
protein (1 µg/ml) overnight at 4 °C and blocked with 2% non-
fat milk for 2 h at 37  °C. A series of conformation-dependent 
mAbs, including 24H8 (Conf I), 31H12 (Conf II), 35B5 (Conf 
IV), 33G4 (Conf V), 19B2 (Conf VI), and linear-dependent 
mAb 17H9,14 were added to the plates and incubated for 1 h at 
37 °C, followed by four washes. Bound antibodies were reacted 
with horseradish peroxidase (HRP)-conjugated anti-mouse IgG 
(1:3000, Invitrogen) for 1  h at 37  °C. After four washes, the 

substrate 3,3′,5,5′-tetramethylbenzidine (TMB) (Zymed) was 
added to the plates, and the reaction was stopped by adding 1 N 
H

2
SO

4
. The absorbance at 450 nm (A450) was measured with an 

ELISA plate reader (Tecan).
In addition, the reactivity of polyclonal antibodies in the 

collected mouse sera against the expressed RBD was also 
measured by ELISA using our previously described protocols 
with some modifications.11,12,15 Briefly, 96-well ELISA plates 
were respectively pre-coated with yeast-expressed RBD219-WT 
protein (1 µg/ml) overnight at 4  °C. After blocking and then 

Figure  7. Binding of SARS-CoV RBD proteins with cell-associated ACE2 
(ACE2/293T cells) or sACE2. Binding of RBD proteins (20 µg/each) with 
ACE2/293T cells (A) or sACE2 (20 µg) (B and C) was detected by western blot 
using goat anti-ACE2 mAb (0.2 µg/ml) or anti-RBD of SARS-CoV mAb (33G4, 
1 µg/ml). A recombinant protein containing RBD of Middle East respiratory 
syndrome coronavirus (MERS-CoV)28 was included as the negative control 
(control).
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incubating with serially diluted mouse sera, bound IgG antibody 
was detected by using HRP-conjugated anti-mouse IgG (1:2000), 
followed by the same protocol as described above.

Pull-down binding assay
The binding of yeast-expressed recombinant SARS-CoV 

RBD proteins to cell-associated receptor ACE2 or soluble ACE2 
(sACE2) (R&D Systems) was performed by pull-down assay 
using previously described protocols with some modifications.17 
Briefly, the lysates of 293T cells expressing ACE2 (ACE2/293T) 
or sACE2 were respectively incubated with recombinant SARS-
CoV RBD proteins plus 17H9 linear mAb.14 and Protein A and 
G (for cell-associated ACE2) or Ni-NTA affinity column (for 
sACE2). After rotation at 4 °C overnight, the supernatant of the 
mixture was removed by centrifugation. After washing 3 times 
with PBS, the pellet with binding proteins was boiled for 10 min 
and the supernatants were subjected to SDS-PAGE and western 
blot as described below.

SDS-PAGE and western blot
SDS-PAGE and western blot were performed using previously 

described protocols with some modifications.18,19 Briefly, the 
pull-down proteins or the expressed recombinant RBDs were 
subjected to SDS-PAGE and transferred to a nitrocellulose 
membrane, which was blocked with 5% non-fat milk in PBS 
with 0.05% Tween-20 (PBST) at 4  °C overnight, followed by 
successive incubation with goat anti-ACE2 mAb (1 μg/ml) or 
anti-RBD mAb (0.2 μg/ml), respectively, and HRP-labeled anti-
goat IgG (1:1,000, R&D Systems) for 1 h at room temperature. 
Signals were visualized with ECL western blot substrate reagents 
(GE Healthcare) and Amersham Hyperfilm (GE Healthcare).

Pseudovirus neutralization assay
Neutralizing antibody titers of recombinant RBD-immunized 

mouse sera were measured using a pseudovirus neutralization 

assay as previously described with some modifications.11,15 Briefly, 
293T cells were co-transfected with a plasmid encoding SARS-
CoV S protein and a plasmid encoding Env-defective, luciferase-
expressing HIV-1 genome (pNL4–3.luc.RE), using the calcium 
phosphate method. The culture supernatant was harvested 72 h 
post-transfection and used for single-cycle infection of 293T cells 
expressing SARS-CoV’s receptor ACE2 (ACE2/293T). The cells 
were seeded in 96-well culture plates at 104/well and incubated 
at 37  °C for 4–6  h to form a monolayer. Serial 2-fold diluted 
mouse sera were mixed with SARS-CoV pseudovirus at 37 °C for 
1 h and then transferred to the monolayer cells. After incubation 
for 72 h, relative luciferase activity was measured by Ultra 384 
luminometer (Tecan). SARS pseudovirus neutralization was 
calculated and expressed as NT

50
.

Live virus-based neutralization assay
The neutralizing titers of recombinant RBD-immunized 

mouse sera were further measured using a live virus-based 
neutralization assay as previously described with some 
modifications.20,21 Briefly, serial 2-fold diluted mouse sera were 
mixed with ~100 infectious SARS-CoV at 37 °C for 1 h and then 
added to the monolayer of Vero E6 cells in duplicate. Cytopathic 
effect (CPE) in each well was observed daily and recorded on 
day 3 post-infection. The neutralizing titers were reported as 
the reciprocal of the highest dilution of serum that completely 
prevented CPE in at least 50% of the wells (NT

50
).

Discussion

The RBD of SARS-CoV S protein contains multiple 
conformation-dependent epitopes that induce potent 
neutralizing antibody responses against a broad spectrum 
of SARS-CoV strains, thus serving as an important target 
for developing SARS vaccines.14,22-24 We have previously 
demonstrated that the recombinant protein containing 
193 amino acids of the RBD domain fused with an Fc tag 
(RBD193-Fc) induced highly potent neutralizing antibody 
responses and protective immunity in vaccinated animals.11,12,15 
To eliminate potential adverse effects in humans, possibly 
induced by the Fc fragment in these vaccine candidates, we 
have successively expressed several RBD proteins without the Fc 
tag in different expression systems, including mammalian 293T 
and CHO-K1 cells, Sf9 inset cells and E.  coli. It was shown 
that most of these RBD proteins without the Fc tag could still 
induce strong neutralizing antibody response and protection 
against SARS-CoV challenge in the vaccinated animals.11,12,15 
These findings suggested that the RBD protein on itself can 
elicit potent neutralizing antibody response and protect animals 
and we assume also people from SARS-CoV infection.

SARS-CoV S-RBD (residues 318–510) contains three 
N-linked glycosylation sites at the N-1, N-13 and N-40 
positions.10 While a mammalian cell-expressed RBD protein 
with high glycosylation induced significant neutralizing activity, 
an E. coli-expressed RBD protein without the glycans was able 
to react with the RBD-specific, conformation-dependent mAbs, 
and also induced substantial neutralizing antibody responses 
in the vaccinated animals,11 suggesting that recombinant RBD 

Figure 8. Detection of SARS-CoV RBD-specific IgG antibody by ELISA in 
the vaccinated mouse sera. Sera collected at 10 d post-last vaccination 
were used for the test. Alum adjuvant plus PBS was used as the control. 
The data are presented as geometric mean titers (GMT) of five mice 
per group. P values indicate significant differences between different 
vaccination groups.
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proteins without the glycans can still 
maintain their essential antigenicity and 
immunogenicity when used as a candidate 
vaccine.

The methylotrophic yeast Pichia pasto-
ris has been widely used for heterogeneous 
protein expression for pharmaceutical and 
vaccine applications owing to its ability 
to: 1) produce large amounts of protein 
in defined media absent animal-derived 
growth factors; and 2) offer easy scale-up 
at low cost.16,25 As an eukaryotic expres-
sion system, yeast is capable of many 
post-translational modifications, such as 
proteolytic processing, folding, disulfide 
bond formation and glycosylation, which 
may be necessary for the functions of the 
expressed proteins. However, different 
from mammalian cells, Pichia pastoris fre-
quently adds monosaccharide to expressed 
protein to become hyperglycosylated.26 
The extent and linkage of residues pres-
ent in hyperglycosylated glycans vary, 
depending on yeast strain and cell culture 
conditions,27 causing, as a consequence, 
concerns regarding expression yield, repro-
ducibility of homogeneous products and 
quality control.28 Because of these con-
cerns, the three asparagines responsible for 
N-glycosylation in the RBD sequence were 
removed or mutated to make deglycosyl-
ated RBD forms.

In the present study, we expressed two 
wild-type RBDs with different lengths 
(RBD193-WT and RBD219-WT) 
and their deglycosylated mutants 
(RBD193-N1, RBD193-N2, RBD193-N3; 
RBD219-N1, RBD219-N2, RBD219-N3) 
by mutating or deleting residues at the 
corresponding glycosylation sites (Fig. 1). 
Their antigenicity, functionality, and 
immunogenicity were then compared. 
SDS-PAGE analysis revealed that both 
yeast-expressed RBD193-WT and 
RBD219-WT migrated as a smear with 
apparent molecular weights higher than 
their calculated M.W., suggesting that 
these recombinant RBD-WTs were highly glycosylated or 
aggregated (Fig.  2B). After digestion of RBD193-WT with 
N-glycosidase PNGase F, the high M.W. smear disappeared, 
and the size of RBD193-WT returned to the expected M.W. 
(Fig.  2C), confirming that the high M.W. smear was from 
hyperglycosylation of the yeast-expressed RBD, rather than any 
aggregation. When some of the N-linked glycosylation sites in 
RBD193-WT and RBD219-WT were deleted or mutated (N1, 
N2, and N3), the apparent M.W. of recombinant RBDs was 

reduced accordingly (Fig. 2B). Therefore, these deglycosylated 
forms have allowed us to accurately and reproducibly control 
the expression process during scale-up production and quality 
control testing. Notably, the expression yield of the recombinant 
RBDs with deleted or mutated N-linked glycosylation sites 
was reduced compared with that of their corresponding wild-
type RBDs (Fig.  2B); therefore, pointing to the need to find 
a workable balance between expression yield and glycosylation 
level during product development.

Figure  9. Detection of neutralizing antibodies in sera of vaccinated mice against pseudotyped 
and live SARS-CoV infection. Sera collected at 10 d post-last vaccination were used for the test. 
Alum adjuvant plus PBS was used as the control. (A) Titers of neutralizing antibodies against SARS 
pseudovirus. The data are expressed as NT50 and are presented as mean ± SD of five mice per 
group. (B) Titers of neutralizing antibodies against live SARS-CoV infection. NT50 was presented 
as mean ± SD of five mice per group. P values indicate significant differences between different 
vaccination groups.



©
20

14
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

www.landesbioscience.com	 Human Vaccines & Immunotherapeutics	 657

Importantly, RBD219-N1 exhibited a lower glycosylation level 
without obvious compromised expression yield when compared 
with the wild-type form (Fig. 2B). After two-step purification, 
including hydrophobic interaction (Butyl HP) chromatography 
and size exclusion column, most of the glycosylation species and 
the host protein contaminations were removed (Figs. 3 and 4). 
Consequently, we selected the recombinant RBD219-N1 protein 
for further evaluation. We found that RBD219-N1 was highly 
recognized by the conformational anti-RBD mAbs14,24 using two 
separate methods; western blot (Fig.  5), and ELISA (Fig.  6), 
further validating the ability of this deglycosylated protein to 
maintain antigenicity that is equal to that of the wild-type protein. 
Moreover, like the wild-type RBD, RBD219-N1 bound very well 
to the cell-associated and soluble receptor ACE2 (Fig. 7), further 
confirming that this yeast-expressed RBD variant maintains its 
functionality.

We then compared the immunogenicity of RBD219-N1 with 
wild-type RBDs and some of the other deglycosylated proteins. 
We found that RBD219-N1 induced remarkably higher SARS-
CoV RBD-specific IgG antibody responses than the wild-
type RBDs, RBD219-WT, and RBD193-WT, and the other 
deglycosylated proteins, such as RBD193-N1 and RBD193-N3. 
However, RBD193-N1 and RBD193-N3 exhibited relatively 
lower antigenicity and immunogenicity than RBD193-WT 
(Figs. 6, 8 and 9). Among all the tested yeast-expressed RBDs, 
RBD219-N1 elicited the highest titers of neutralizing antibodies 
against the pseudotyped SARS-CoV and live SARS-CoV 
infection (Fig. 9). Why do RBD219-N1 and RBD193-N1 induce 
high and low neutralization titers, respectively? Crystal structure 
of SARS-CoV RBD complexed with ACE2 shows that all the 
glycosylation sites in the RBD are away from the ACE2-binding 
sites, and thus deglycosylation of the RBD should not interfere 
with ACE2 binding.29 However, based on the most complete 
structural model of the SARS-CoV RBD, the C-terminal 
region of the RBD after residue 512 is disordered but close to 
the N-terminus of the RBD,30 and thus the glycosylation site at 
the N-terminus may have steric interference with the C-terminal 
region of the RBD. Therefore, removing the glycosylation 
site at the N-terminus may help stabilize the overall structure 

of RBD219 and lead to high immunization titers. In contrast, 
deglycosylation of RBD193-N1 and/or two other glycosylation 
sites in the RBD of SARS-CoV may cause the immune system 
to lose focus on the ACE2-binding region and lead to reduced 
neutralizing titers.31,32

Further evaluation of the RBD219-N1 vaccine candidate in 
vivo for efficacy, protecting animals from SARS-CoV challenge, 
is under investigation. According to our previous experience, 
an RBD-based vaccine candidate that can induce NT

50
 (50% 

neutralizing antibody titer) >1,000 of neutralizing antibody titers 
against the live SARS-CoV is expected to fully protect animals 
from infection by the virus.11,15 Our present data showed that 
the titer of neutralizing antibodies induced by RBD219-N1 in 
vaccinated mice against live SARS-CoV was >2,000 (Fig. 9B), 
demonstrating its prospect to efficiently protect immunized 
animals from an SARS-CoV challenge.

In conclusion, the yeast-expressed RBD without any extra tag 
but with the glycosylation site at N1 deleted, RBD219-N1, can 
exhibit lower glycosylation levels and higher expression yield, 
and induced stronger RBD-specific antibody responses and more 
potent neutralizing antibodies against both pseudotyped and live 
SARS-CoV, pointing to its potential use for further development 
as an effective and safe subunit vaccine against SARS-CoV in 
humans.
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